Introduction {#Sec1}
============

Human respiratory syncytial virus (RSV), an enveloped negative-sense RNA virus belonging to the *Paramyxoviridae* family, is the major causative virus of bronchiolitis and pneumonia in children^[@CR1],[@CR2]^. Most children have been infected with RSV by 2 years of age, and between 66,000 and 239,000 children younger than 5 years old are estimated to die every year due to RSV lower respiratory tract infection^[@CR1]--[@CR3]^. In addition to children, elderly and immunocompromised individuals are potentially at high risk of becoming severely symptomatic due to RSV infection^[@CR4]--[@CR6]^. While the symptoms of RSV infection in healthy adults are relatively milder than those in children and the elderly, the prevention of RSV infection is important, as repeated infections may occur throughout one's lifetime^[@CR7]^. Therefore, because RSV-infected adults without severe symptoms could become spreaders of RSV to high-risk individuals, the control of RSV transmission is an important public health issue. Incorporation of therapeutic factors in food could be a means of providing a preventive medicine. The development of vaccines and therapeutic agents against RSV has progressed^[@CR6],[@CR8]^. However, there is no vaccine that has been put to practical use, and specific therapeutic agents against RSV infection are limited to the bench, but not yet the bedside, underscoring the need for new prophylactic and therapeutic strategies for RSV infection.

Probiotics are beneficial live microorganisms that confer a benefit to the host. In recent years, they have attracted research attention, as they are able to promote human health when ingested in adequate amounts^[@CR9]^. *Lactobacillus* species are the most representative probiotics, and their various physiological and immunological effects have been reported. In particular, the effects of *Lactobacillus* species against various infectious diseases, including influenza, have been actively investigated^[@CR10]--[@CR13]^. For example, it was reported that the activity of natural killer T-cells was upregulated by *Lactobacillus acidophilus* L-92, resulting in prevention of influenza virus infection in mice^[@CR14]^. In addition, the cell wall of *Lactobacillus acidophilus* NCFM was found to upregulate anti-viral gene expression via the Toll-like receptor pathway in mice^[@CR15]^.

*Lactobacillus gasseri* SBT2055 (LG2055), was originally isolated from human feces^[@CR16]^, and has been described as a multifunctional probiotic. The resistance of LG2055 to bile acid is a property that facilitates its colonization in the human gut, enabling it to contribute to the physiological improvement of the intestinal environment^[@CR17],[@CR18]^. This probiotic-mediated improvement, in turn, promotes various biological effects, such as prevention of abdominal obesity in humans and rats^[@CR19],[@CR20]^, extension of lifespan in *Caenorhabditis elegans*^[@CR21]^, promotion of IgA production in mice^[@CR22]^, and prevention of influenza A virus infection in mice^[@CR10]^.

We herein present the antiviral effect of LG2055 against RSV in addition to the above beneficial functions of LG2055, demonstrating that LG2055 suppresses the replication of RSV *in vitro* and i*n vivo*. Furthermore, to elucidate the molecular mechanism by which LG2055 exerts antiviral activity against RSV, we performed a comparative proteomic analysis of host cells using nanoLC-ESI-MS/MS. As a result, SWI2/SNF2-related CREB-binding protein activator protein (SRCAP) was found to be involved in the RSV proliferation inhibitory effect of LG2055. Based on our findings, we propose that LG2055 is a promising probiotic useful for the prevention of RSV infection and alleviation of associated symptoms.

Results {#Sec2}
=======

Inhibitory effect of LG2055 on RSV replication *in vitro* {#Sec3}
---------------------------------------------------------

To evaluate the antiviral activity of LG2055 against RSV, we performed an infection assay for RSV strain A2 in HEp-2 human laryngeal epithelial cells and MLE12 mouse lung epithelial cells. Prior to virus infection, cells were pretreated with lyophilized LG2055 at a final concentration of 50 μg/ml for 24 h, and then infected with RSV at 0.00067 TCID~50~/cell for 48 h. The addition of lyophilized LG2055 without RSV infection did not affect cell viability (Supplement Fig. [2](#MOESM1){ref-type="media"}). The expression level of the virus-specific gene coding F-protein (*RSV-F*), critical for the fusion to host cells, was analysed from total RNA obtained from harvested cells. As shown in Fig. [1](#Fig1){ref-type="fig"}, the expression of *RSV-F* was significantly suppressed in LG2055-treated HEp-2 and MLE12 cells, indicating that LG2055 inhibited RSV replication *in vitro*.Figure 1LG2055 protected human and mouse cells from RSV infection *in vitro*. Human and mouse epithelial cells, HEp-2 and MLE12, respectively, were treated with or without LG2055 (50 μg/ml) for 24 h and infected with RSV (0.00067 TCID~50~/cell). After 48 h postinfection, RSV-specific gene expression in cells was assessed by real-time qPCR. Data are presented as means + SEM. ^\*\*^*P* \< 0.01 (Two-tailed Student's *t* test).

Inhibitory effect of LG2055 on RSV replication *in vivo* {#Sec4}
--------------------------------------------------------

To investigate whether the antiviral activity and prophylactic effects of LG2055 against RSV infection also occurred *in vivo*, LG2055 was orally administered to mice daily for 21 d (2 × 10^9^ cfu/mouse/day in 25% trehalose solution), and the mice were then infected with RSV at 5 × 10^6^ TCID~50~ (day 0), as shown in Fig. [2a](#Fig2){ref-type="fig"}. Oral administration of LG2055 and monitoring of body weight were performed daily until sacrifice on day 4 after virus infection.Figure 2Orally administered LG2055 protected mice from RSV infection. BALB/cCrSlc mice were orally administered LG2055 (2 × 10^9^ cfu/head) or 25% trehalose solution once a day for 21 d. After administration, mice were intranasally infected with the RSV A2 strain (5 × 10^6^ TCID~50~/head). Oral administration continued until day 4 postinfection. Mock: orally administered 25% trehalose solution and RSV uninfected (n = 5), RSV: orally administered 25% trehalose solution and RSV infected (n = 10), RSV + LG2055: orally administered LG2055 and RSV infected (n = 10). (a) Feeding and infection protocols. (b) Body weight (%) compared to day 0 (100%). Data are presented as means ± SEM. Means with the same letter do not differ (*P* ≥ 0.05, Tukey-kramer test). (c) Virus titres in mouse lung homogenates. Virus titres were measured at day 4 postinfection. Data are presented as means + SEM. ^\*\*\*^*P* \< 0.001 (Two-tailed Student's *t* test).

The body weight of RSV-infected mice was not decreased by LG2055 administration compared with uninfected control mice, while that of RSV-infected mice without LG2055 administration was significantly decreased, as shown in Fig. [2b](#Fig2){ref-type="fig"}. The virus titre in lung tissue homogenates was significantly suppressed by LG2055 administration at day 4 postinfection (Fig. [2c](#Fig2){ref-type="fig"}). These data indicated that continuous ingestion of LG2055 prior to RSV infection effectively inhibited RSV replication and the severity of associated symptoms.

Based on the result that oral LG2055 administration resulted in the prevention of RSV infection, we hypothesized that LG2055 could function by reducing the inflammatory response in the lungs of RSV-infected mice. Thus, the expression level of the proinflammatory cytokines TNF-α, CCL2, IL-1β, and IL-6 in lung tissue homogenates was evaluated, as these factors are known to be elevated by RSV infection^[@CR23]--[@CR26]^. Although the expression levels of all the measured cytokines tended to be upregulated following infection with RSV, those of LG2055-treated mice were equivalent to those in RSV-uninfected healthy mice at day 4 after RSV infection (Fig. [3](#Fig3){ref-type="fig"}). Except for IL-6, the expression of proinflammatory cytokines in LG2055-treated mice was already suppressed at day 1 after virus challenge, and the expression of IL-6 resembled that in uninfected mice at day 4 after virus challenge (Supplement Fig. [1](#MOESM1){ref-type="media"}). These results indicated that oral administration of LG2055 inhibited the inflammatory response in the lungs of mice after RSV infection.Figure 3Orally administered LG2055 reduced proinflammatory cytokine production in the lung resulting from RSV infection. Mice were orally administered LG2055 (2 × 10^9^ cfu/head/day) or a 25% trehalose solution for 21 d, and were then infected with RSV or not infected (mock: n = 5, RSV: n = 10 and RSV + LG2055: n = 10, similar to Fig. [2](#Fig2){ref-type="fig"}). The concentration of TNF-α, CCL2, IL-1β, and IL-6 in lung homogenates was measured using ELISA. Data are presented as means + SEM. ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01 and ^\*\*\*^*P* \< 0.001 (Dunnett's test, vs. RSV).

Our previous study reported that LG2055 treatment alone did not upregulate type I IFN in mouse lungs^[@CR10]^. We next evaluated whether LG2055 could activate an antiviral type I and II IFN response *in vivo* during RSV infection, as both type I and II IFN effectively inhibit RSV infection^[@CR27],[@CR28]^. Oral administration of LG2055 increased the expression of IFN-β and IFN-γ at the mRNA level in the mouse lung. The expression of IFN-β was sharply elevated one day after RSV infection, and the expression amount of IFN-β tended to be higher in LG2055-administered mice than in untreated mice (Supplement Fig. [3](#MOESM1){ref-type="media"}) at day 1. By day 4 postinfection, IFN-β decreased to approximately one-fifth of the first day (Fig. [4a](#Fig4){ref-type="fig"}).Figure 4Orally administered LG2055 upregulated antiviral gene expression in the mouse lung. Mice were orally administered LG2055 (2 × 10^9^ cfu/head/day) or a 25% trehalose solution for 21 d, and were then infected with RSV or not infected (mock: n = 5, RSV: n = 10 and RSV + LG2055: n = 10, similar to Fig. [2](#Fig2){ref-type="fig"}). Gene expression in lung homogenates at day 4 postinfection was assessed by real-time PCR analysis. (**a**) Gene expression of type I and type II interferon. (**b**) Gene expression of interferon-stimulated genes. Data are presented as means + SEM. ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01 (Two-tailed Student's t test).

Furthermore, the mRNA level of OAS1a and ISG15 was also increased in lung tissue homogenates of mice treated with LG2055 at day 4 after RSV infection (Fig. [4b](#Fig4){ref-type="fig"}). OAS1a, ISG15 and IFITM3 play an important role in the protection of epithelial cells from RSV infection^[@CR27],[@CR29],[@CR30]^. Our results indicated that oral administration of LG2055 induced an antiviral state against RSV infection in the lungs of mice. However, the gene expression level of *Ddx58* (RIG-I) involving in the antiviral response^[@CR31]^ was found to be no significant difference between LG2055-fed and control mice during RSV infection (Fig. [4b](#Fig4){ref-type="fig"}).

Proteomic analysis for discovering essential proteins involved in the inhibition of RSV replication {#Sec5}
---------------------------------------------------------------------------------------------------

We hypothesized that the components of LG2055 assimilated from the intestine could also exhibit antiviral activity by directly acting on respiratory epithelial cells. In the process of determining the active substances from probiotic lactic acid bacterium, the active molecules are identified by dividing into a water soluble fraction and an insoluble fraction depending on the physical properties. For example, the peptide from a lactic acid bacterium *Enterococcus mundtii* ST4V recovered from water-soluble fraction suppressed Herpes simplex virus type I, type II and measles virus^[@CR32]^. On the other hand, nasally administering peptidoglycans of a certain lactic acid bacterium *Lactobacillus rhamnosus* CRL1505 collected from water-insoluble fraction suppressed infection of respiratory syncytial virus^[@CR33]^. Thus, to identify factors with antiviral activity, we first fractionated lyophilized LG2055 into water-soluble and water-insoluble fractions and examined the anti-RSV activity of each fraction. While both fractions suppressed the replication of RSV, the water-soluble fraction showed an approximately 2.1-fold stronger antiviral activity than the insoluble fraction (Fig. [5a](#Fig5){ref-type="fig"}).Figure 5Comparative proteomic analysis of HEp-2 cells treated with LG2055. (**a**) Antiviral activity of water-soluble and water-insoluble components fractionated from LG2055. (**b**) Scatterplot showing the protein expression change between LG2055 soluble fraction-treated and untreated HEp-2 cells. Proteins with a significant change with log2-fold change \> 2 (upregulated) and \< 2 (downregulated) are represented by red and blue lines, respectively; SRCAP is indicated in green. Proteins with no significant change by the addition of LG2055 are indicated in black. (**c**) Bar plot of the log2-transformed fold changes (LG2055+/untreated) of the downregulated or upregulated proteins in LG2055-treated HEp-2 cells (top and bottom, respectively). Listed proteins are indicated by their gene name. SRCAP is highlighted in green. (**d**) Correlation between the inhibition rate of RSV replication and the inhibition rate of SRCAP expression by treatment with the LG2055 water-soluble fraction. Data are presented as means + SD. ^\*^*P* \< 0.05 (two-tailed Student's *t* test).

Next, to elucidate the molecular mechanism by which the water-soluble fraction of LG2055 mediates the alteration of protein expression and exerts antiviral activity against RSV, we performed fast proteomic screening. We performed a comparative shotgun proteomic analysis of HEp-2 cells with either the presence or absence of the water-soluble fraction of LG2055. Tryptic-digested peptides were subjected to mass spectrometry (MS) and a label-free quantitation (LFQ) procedure was applied to analyse the alteration of the protein expression pattern according to LG2055 fraction exposure.

Proteomic analysis based on MS led to the identification of a total of 1120 proteins. We defined a 4-fold change in protein expression (more than 2 in log2-transformed fold change) by the addition of the LG2055 water-soluble fraction as a significant change. According to this criterion, 29 downregulated and 19 upregulated proteins were identified. A scatterplot showing the alteration in protein expression levels, and the upregulated and downregulated proteins displaying \>2.0 and \<−2.0 of log2-transformed fold change with addition of the LG2055 water-soluble fraction are shown in Fig. [5b,c](#Fig5){ref-type="fig"} and Table [S2](#MOESM1){ref-type="media"}. The top 5 upregulated proteins were TTLL8, TCEANC2, PPA1, PROB1, and SUV420H1, while the top 5 downregulated proteins were MYCBP2, SRCAP, DAPK2 or 3, POU3F2 or 1 or 3, and RPL15. Among all detected proteins, we extracted a promising candidate protein that was expected to be critical for the regulation of virus replication. SWI2/SNF2-related CREB-binding protein activator protein (SRCAP) was one of the most downregulated proteins due to supplementation of the LG2055 water-soluble fraction, showing an approximately 22-fold decrease in protein amount compared with that in control HEp-2 cells without LG2055 exposure. SRCAP has been reported to potentially have the ability to interact with viral non-structural (NS) protein^[@CR34],[@CR35]^. Since RSV possesses NS, a change in the protein expression level of SRCAP could potentially affect the replication of RSV in host cells.

To determine whether the addition of LG2055 soluble fraction regulates SRCAP expression at the gene level, and whether there is a correlation between the fluctuation of SRCAP expression and inhibition of RSV replication, we analysed the alteration of *SRCAP* expression in HEp-2 cells with or without exposure to the LG2055 water-soluble fraction. *SRCAP* expression was decreased with LG2055 fraction exposure in a dose-dependent manner. That is, as the concentration of LG2055 water-soluble fraction increased, the expression level of *SRCAP* decreased (Fig. [5d](#Fig5){ref-type="fig"}). When the soluble fraction of LG2055 was added to HEp-2 cells at a final concentration of 100, 200 and 400 μg/ml, the expression level of *SRCAP* was suppressed by approximately 32.8%, 38.1% and 52.1%, respectively. Next, in RSV infection experiments, addition of the LG2055 fraction at a final concentration of 100, 200, and 400 μg/ml resulted in decrease of 82.0%, 94.0%, and 99.6%, respectively, in the expression of *RSV-F* in RSV-infected cells. As shown in Fig. [5d](#Fig5){ref-type="fig"}, there was a distinct correlation between the *SRCAP* expression level and the rate of RSV replication, suggesting that suppression of SRCAP could be a major mechanism by which LG2055 inhibits RSV replication, and that LG2055-mediated inhibition of SRCAP expression is an effective probiotic-related strategy to suppress virus replication.

Finally, to investigate whether the inhibition of SRCAP directly impacts RSV replication, the silencing of SRCAP in Hep-2 cells using siRNA was performed. It was revealed that the expression of RSV F-protein was significantly suppressed by silencing of SRCAP, suggesting that SRCAP was one of the essential factors for RSV replication.

Discussion {#Sec6}
==========

We demonstrated that LG2055 inhibited RSV replication *in vitro* and *in vivo*. RSV is a common respiratory virus, but despite the development of vaccines and specific therapeutic agents against RSV^[@CR6],[@CR8]^, no vaccine or specific therapeutic agent is currently used clinically. In particular, individuals with weak immunity are at risk of presenting with severe symptoms due to RSV infection. Therefore, effective preventive strategies against RSV are required.

Oral administration of LG2055 suppressed the inflammatory response in the lungs of mice during RSV infection, as the protein levels of the pro-inflammatory cytokines IL-6, TNF-α, IL-1β, and CCL2 were retained at the equivalent levels to those of control mice. LG2055 could contribute to the alleviation of allergic airway disease induced by RSV infection, as TNF-α has been reported to play a critical role in the exacerbation of airway disease during RSV infection^[@CR25]^.

It has been demonstrated in several studies that type I and II IFN protect mice from RSV infection^[@CR27],[@CR28]^. Our results showed that LG2055 enhanced IFN-β and IFN-γ expression at the gene level in the lungs of mice after RSV infection, consistent with data from previous studies showing that several lactic acid bacteria induce IFN-β or IFN-γ in the lungs of mice infected with respiratory virus to contribute to virus clearance^[@CR15],[@CR36],[@CR37]^.

The expression of OAS1a and ISG15, factors that protect epithelial cells from RSV infection^[@CR27],[@CR29]^, were also increased at the gene level with LG2055 administration, further supporting the notion that orally-administered LG2055 has a potential role in the prevention of RSV infection. On the other hand, our previous study showed that LG2055 upregulated *Oas1a* expression in the lung regardless of influenza virus infection^[@CR10]^. Thus, the induction of *Oas1a* expression by LG2055 could contribute to antiviral activity against RSV. Further, the finding that enhanced *Oas1a* expression with LG2055 administration was still maintained after RSV infection indicated that the induction of *Oas1a* expression was not inhibited by RSV. It has been reported that RIG-I (*Ddx58*), an important viral sensor during the RSV infection stage, is involved in the antiviral response when alveolar macrophages in mice detect RSV^[@CR31]^. However, our results showed that LG2055 did not elevate *Ddx58* expression in RSV infection, suggesting that the inhibitory effect of LG2055 on RSV replication was not mediated by RIG-I induction. Although IFITM3 expression, which exerts a preventive effect on RSV infection in mice^[@CR30]^, was slightly increased at the gene level by LG2055 administration, the rate of change was less significant than that of the other evaluated genes, suggesting that induction of this gene was not the main cause of the inhibitory effect on RSV.

We additionally performed a proteomic analysis to determine the antiviral mechanism induced by LG2055. We identified SRCAP, one of the most strongly LG2055-downregulated proteins, based on previous findings indicating that SRCAP expression was affected by virus-derived proteins^[@CR34]^. While SRCAP was originally identified as an activator of CREB-binding protein involved in the enhancement of transcriptional activity^[@CR38]^, previous studies revealed that SRCAP interacts with NS of the hepatitis C virus to mediate transcription^[@CR34],[@CR35]^. Of particular note is that SRCAP is potentially a scaffold protein for the recognition of viral NS; thus, inhibition of SRCAP expression could result in suppression of the replication of viruses with NS. Indeed, silencing SRCAP expression in Hep-2 cells with siRNA showed significant suppression of RSV replication (Fig. [6](#Fig6){ref-type="fig"}), suggesting that SRCAP is one of the essential molecules contributing to RSV replication. To our knowledge, there is no report on substances enabling the downregulation of the expression of SRCAP, except for genetic methods such as siRNA or shRNA treatment.Figure 6Suppression of RSV replication by silencing of SRCAP using siRNA. (**a**) Silencing efficiency of SRCAP using siRNA compared to control siRNA. (**b**) Expression level of RSV F-protein in SRCAP silenced Hep-2 cells. Data are presented as means + SD. ^\*\*\*^P \< 0.001 (Two-tailed Student's *t* test).

This study shows that ingestion of probiotic LG2055 will be a promising strategy for the prevention of RSV infection. This was based on two independent mechanisms that induce LG2055 to alter cytokine levels as demonstrated in *in vivo* assays and to downregulate SRCAP expression as seen in *in vitro* assays with epithelial cells. The former is supported previous studies revealing that *Lactobacillus* treatment contributed to the immune function including changes cytokine levels in lung^[@CR39],[@CR40]^. The latter mechanism related to SRCAP contributing to the chromatin remodelling and to deposition of histone H2A.Z at promoter^[@CR41]^ remains elusive. However, recent study reported that regulation of SRCAP remodelling activity by PCI domain-containing protein 2 contributed to the lymphoid lineage commitment that is an important process in haematopoiesis^[@CR42]^. Because lymphoid lineage commitment establishes the immune system for host defence against pathogen invasion^[@CR42]^, from the immunological aspect, SRCAP may be closely related to RSV infection as well as interaction with viral NS protein.

Probiotic lactobacilli, including LG2055 used in this study, are safe to eat and are thought to be effective in alleviating the symptoms associated with RSV infection. However, as a remaining issue to be solved, a limitation of our study was the inability to determine the essential molecules contained within LG2055 required to downregulate SRCAP and inhibit RSV replication. Additionally, the detailed molecular mechanisms by which SRCAP inhibits viral replication must be elucidated.

In summary, our study showed that LG2055 has prophylactic potential against RSV infection. We propose that a structural characterization of the active ingredient contained in LG2055 that enables a decrease in the expression of SRCAP and inhibition of RSV replication is an important future research direction.

Experimental Procedures {#Sec7}
=======================

Lactobacillus gasseri SBT2055 (LG2055) preparation and growth conditions {#Sec8}
------------------------------------------------------------------------

LG2055 was provided from the Milk Science Research Institute, Megmilk Snow Brand Co., Ltd (Tokyo, Japan). LG2055 was cultured in MRS broth (Becton, Dickinson and Company, East Rutherford, NJ, USA) at 37 °C for 18 h (medium of 1.5 × 10^9^ cfu/ml) and centrifuged at 4 °C for 10 min at 8,000 × *g*. Then, harvested cells were washed twice with sterile PBS and resuspended in 25% trehalose solution (1 × 10^10^ cfu/ml), and suspensions were stored at −80 °C until used for *in vivo* experiments. The rest of the harvested cells were resuspended in distilled water and lyophilized. This lyophilized powder was resuspended in sterile PBS (10 mg/ml) and heat-killed (80 °C, 30 min), then stored at −20 °C until used for *in vitro* experiments.

Preparation and titration of RSV solution {#Sec9}
-----------------------------------------

The RSV A2 strain (RSV) and the human laryngeal carcinoma epithelial cell line HEp-2 were kindly provided by Prof. Hiroyuki Tsutsumi (Sapporo Medical University, Sapporo, Japan). HEp-2 cells were cultured at 37 °C in 5% CO~2~ in DMEM (Sigma-Aldrich Co., St. Louis, MO, USA) supplemented with 5% foetal bovine serum (FBS; Thermo Fisher Scientific, Waltham, MA, USA) and 100 U/ml penicillin-streptomycin (Sigma-Aldrich Co.). For preparation of RSV solution, HEp-2 cells were infected with RSV in serum-free DMEM. At 72 h post infection, cells were scraped and the flask content was pooled, then centrifuged at 410 × g for 10 min to remove cell debris. Virus titres of culture supernatant were measured based on 50% tissue culture infective dose (TCID50) and the supernatant was used for infective experiments.

*In vitro* RSV infection {#Sec10}
------------------------

HEp-2 cells and the mouse lung epithelial cell-line MLE12 (purchased from ATCC) were prepared in 24-well dishes by seeding 1.5 × 10^5^ cells/well in 0.5 ml of DMEM supplemented with 5% of FBS and cultured overnight at 37 °C. Then, cells were pre-treated with LG2055 by addition of LG2055 suspension to each well at a final concentration of 50 μg/ml and incubated for 24 h. After incubation, the culture medium was removed, and each well was washed with PBS and 0.5 ml of serum-free DMEM containing RSV (0.00067 TCID~50~/ml) and LG2055 (final concentration was 50 μg/ml) were added to each well. After incubation for 48 h, the culture medium was removed, and each well was washed with PBS and 0.5 ml of TRIzol reagent (Thermo Fisher Scientific) was added to extract total RNA.

*In vivo* RSV infection {#Sec11}
-----------------------

BALB/cCrSlc mice (5--7-week-old female, Japan SLC Inc. Shizuoka, Japan) were used in the study. All experiments with mice were conducted under the condition of biosafety level 2. Our animal experiments were approved by the Animal Care and Use Committee of Hokkaido University (approval number; 15--0156) and performed according to the guidelines of the Bioscience Committee of Hokkaido University.

Mice were orally administered LG2055 (2 × 10^9^ cfu/mouse/day, 0.2 ml/mouse/day) or 25% trehalose solution with a ball-type feeding needle for 21 d. After daily administration of LG2055 for 21 d, mice were intranasally infected with RSV (5 × 10^6^TCID~50~/mouse) under anesthetization with isoflurane (Dainippon Pharmaceutical, Osaka, Japan) (day 0).

Daily oral administration of LG2055 or trehalose solution was continued for 4 d after RSV infection. At day 4, mice were sacrificed, and intact lung tissues were collected and snap frozen in liquid nitrogen and stored at −80 °C until further use. The daily body weights were monitored in mice sacrificed at day 4.

Virus titration and cytokine detection in lung {#Sec12}
----------------------------------------------

Lung tissues in 0.5 ml DMEM were homogenized using BEADS CRUSHER μT-12 (TIETECH Co., Aichi, Japan) at 3,000 rpm for 1 min at 4 °C. Homogenates were centrifuged at 800 × *g* for 5 min at 4 °C to collect the supernatant, and virus titres were measured by TCID~50~. To measure cytokine levels in the lung, lung tissue was homogenized using CelLytic MT Cell Lysis Reagent for mammalian tissues (Sigma-Aldrich Co.) containing complete mini protease inhibitors (Roche Diagnostics, Basel, Switzerland) and centrifuged at 4 °C for 10 min at 8,000 × *g*. Cytokine levels in the supernatant of lung tissue homogenates were measured using ELISA kits (BioLegend, San Diego, CA, USA) according to the manufacturer's instructions.

Quantitative RT-PCR analysis {#Sec13}
----------------------------

Total RNA was extracted from lung tissue and cultured cells using TRIZol regent (Thermo Fisher Scientific). First-strand cDNA was synthesized from total RNA using ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO Co., Osaka, Japan). Real-time quantitative PCR analysis was performed using a KAPA SYBR Fast qPCR kit (Kapa Biosystems, Wilmington, MA, USA) with a StepOne system (Thermo Fisher Scientific). Primer sequences are listed in Supplementary Table [1](#MOESM1){ref-type="media"}.

Preparation of LG2055 fraction {#Sec14}
------------------------------

LG2055 was suspended in PBS(−) (50 mg/ml) and washed twice with PBS(−) (5,600 × *g* for 15 min at 4°C). Re-suspended LG2055 was sonicated (40 min, on ice). The supernatant was collected (5,600 × *g* for 15 min at 4°C), filtered by 0.22 μm, *in vacuo* condensed, and re-suspended in PBS(−)(water soluble faction). The precipitation was collected, washed twice with PBS(−) and re-suspended in PBS(−) (water insoluble fraction).

Protein extraction for proteomic analysis {#Sec15}
-----------------------------------------

Protein extractions from HEp-2 cells for proteomic experiments were performed using a phase transfer surfactant (PTS) method as described previously^[@CR43]^. In brief, HEp-2 cells were lysed with a buffer containing 12 mM sodium deoxycholate (SDC), 12 mM sodium *N*-lauroylsarcosinate (SLS) and complete mini protease inhibitors (Roche Diagnostics, Basel, Switzerland) in 100 mM Tris-HCl buffer (pH 9.0) on φ10 cm culture dishes. Cellar proteins were denatured by heating them at 95 °C and sonicated. The soluble protein fraction was collected by centrifugation (20,000 × *g* for 15 min at 4 °C), and protein quantification was performed using a BCA assay (Thermo Fisher Scientific). Aliquots containing 100 μg of proteins were subjected to reductive alkylation, incubated with 10 mM dithiothreitol for 40 min at room temperature, and then 50 mM iodoacetamide was added and incubated for 40 min at r.t. in the dark. After diluting with 50 mM ammonium bicarbonate so that the final concentration of SDC and SLS was 2.4 mM, the extracted proteins were digested with 1 μg of MS grade trypsin (Thermo Fisher Scientific) for 16 h at 37 °C. To remove surfactants from the resultant peptides, an equivalent volume of ethyl acetate was added to the sample solution and trifluoroacetate was further added at a final concentration 0.5% (v/v). The samples were vigorously mixed for 1 min, and the upper layer containing surfactants was removed following centrifugation (20,000 × *g* for 2 min). Finally, the collected water layers were subjected to a styrene divinylbenzene polymer tip column (GL Science, Tokyo, Japan) to desalt.

MS spectrometry {#Sec16}
---------------

Extracted peptides were subjected to nanoLC-ESI-MS/MS mass spectrometry (LTQ-LC-MS/MS, Thermo Fisher Scientific) using an EasyNano LC system equipped with a 15-cm ODS column (NTCC-360/75-3-125 C18, particle diameter 3 μm, 0.075 mm × 125 mm; Nikkyo Technos, Tokyo, Japan). The flow rate was adjusted to 300 nL/min for all analyses. The raw data files were processed using software MaxQuant combined with Andromeda (Max Planck Institute of Biochemistry, Bavaria, Germany) for peptide searching, and label-free quantification was carried out using Perseus software (version 1.6.0.7)^[@CR44],[@CR45]^. Peptide precursor mass tolerance was set at 10 ppm, and MS/MS tolerance was set at 0.5 Da. Search criteria included carbamidomethylation of cysteine as a fixed modification and oxidation of methionine (+15.9949) as a variable modification. Searches were performed with full tryptic digestion and a maximum of 2 missed cleavages was allowed. The reverse database search option was enabled, and all peptide data was filtered to satisfy a false discovery rate (FDR) of 1%.

*In vitro* siRNA experiment {#Sec17}
---------------------------

The sequences of sense and antisense siRNAs against SRCAP were, 5′-GAA AAC GAU UGA AGU UGA ATT-3′, 5′-UUC AAC UUC AAU CGU UUC CTT-3′, respectively. Control siRNAs were bought from thermo fisher scientific.

HEp-2 cells were seeded in 6-well dishes at 2.0 × 10^5^ cells/well in 2.0 ml of DMEM supplemented with 10% of FBS. After 24 h incubation at 37 °C, wells were washed three times with PBS, and optiMEM (Thermo fisher scientific) (1.5 ml/well) was added. siRNAs were transfected using lipofectamine RNAiMAX (Thermo fisher scientific) according to manufacturer's instruction. After 48 h incubation, cells were infected RSV (0.00067 TCID~50~/cell). After 48 h, total RNA was extracted and subjected to quantitative RT-PCR.

Statistical analysis {#Sec18}
--------------------

Two-tailed Student's *t* test, Dunnett test and Tukey-kramer test were used for statistical analysis. Statistical analysis of MS data was performed using Perseus (Max Planck Institute of Biochemistry). Statistical analysis for other experiments was performed using R (R Development Core Team, 2015). A *p* value of \<0.05 was considered significant. The error bars indicate the standard error of the mean (SEM) or standard deviation (SD).
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